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, $\mathrm{S}\mathrm{e}\mathrm{i}\mathrm{b}\mathrm{e}\mathrm{r}\mathrm{g}\ \mathrm{W}\mathrm{i}\mathrm{t}\mathrm{t}\mathrm{e}\mathrm{n}^{4}$ [125] ,
. , $\mathrm{D}$-brane




$[x^{i}, x^{j}]=i\theta^{ij}$ . (1.1)





$\sqrt{|\theta^{ij}|}$ , $\theta^{ij}arrow 0$ .
Commutative Space $\mathrm{N}\mathrm{C}$ Space
1:
, :
, , ( ) $|$




4 , Seiberg-Witten , $N=2$ .
5 $\theta^{ij}$ 6 , .
$6[114]$ , ( ) .
, $[31, 32]$ .
80
’ . Gopakumar-Minwalla-Strominger (GIVIS) $\backslash \text{ }\iota$l f $\mathrm{h}^{\backslash }\backslash$
[36] , .7
, $\mathrm{N}\mathrm{C}$ , ,
ADHM , Nahm .
. ,
.
2 $\mathrm{N}\mathrm{C}$ ( $\mathrm{N}\mathrm{o}\mathrm{n}$-Commutative)Gauge Theories
$\mathrm{N}\mathrm{C}$ 2 , 3








( ) (iii) $B$ ( $=$ ) DBI
Seiberg Witten (i) (iii) .
(i) $\mathrm{N}\mathrm{C}$ , Weyl
(ii) . (ii) ,
.




$I_{\mathrm{Y}\mathrm{M}}=- \frac{1}{2g_{\mathrm{Y}\mathrm{M}}^{2}}\int d^{4}x$ Tr $F_{\mu\nu}F^{\mu\nu}$ , (2.1)
7 $\text{ }\backslash \backslash$ Derrick $\text{ }$ [18] ([38, 69] ) ,
, .
8 $(3+1)$ 3 ( . $x^{1},$ $x^{2},$ $x^{3}$ ), 1 ( : $x^{0}$ ) .
81
. , $F_{\mu\nu}.--\partial_{\mu}A_{\nu}-\partial_{\nu}A,$ $+[A_{\mu}’, A\nu]$ , $D,$ $:=\partial_{\mu}+A,,$ $\mu$ , $\nu=1,2$ , $3,4$ .
,9 BPS 10
$\text{ }$ (Yang-Mills )
$[D^{\nu}, [D_{\nu}, D_{\mu}]]=0$ , $(\Leftrightarrow$ $\frac{\delta I_{\mathrm{Y}\mathrm{M}}}{\delta A4^{\mu}}=0$) (2.2)
$\bullet$ BPS ( $(\mathrm{A}\mathrm{n}\mathrm{t}\mathrm{i})\mathrm{S}\mathrm{e}\mathrm{l}\mathrm{f}$-Dual )
$F_{\mu\nu}\mp*F\mu\nu=0$ . (2.3)
, $*$ Hodge $(*F_{\mu\nu}:=(1/2)\epsilon_{\mu\nu\rho\sigma}F^{\rho\sigma})$ . Self-Dual




$I_{\mathrm{Y}\mathrm{M}}$ $=$ $- \frac{1}{4g_{\mathrm{Y}\mathrm{M}}^{2}}\int$ d4x $\mathrm{T}\mathrm{r}$ $(F_{\mu\nu}F^{\mu\nu}+*F_{\mu\nu}*F^{\mu\nu})$
$=$ $- \frac{1}{4g_{\mathrm{Y}\mathrm{M}}2}\int$ d4xTr
$[(_{\frac{F_{\mu\nu}\mp*F_{\mu\nu}}{=0\Leftrightarrow \mathrm{B}\mathrm{P}\mathrm{S}}})2\pm 2F\mu\nu*F^{\mu\nu}]$
. (2.4)
2 2 ( ) ,
. 2 1 .
ASD
$\ovalbox{\tt\small REJECT}_{1^{\overline{Z}}1}+F_{z_{2}\overline{z}_{2}}=0$, $F_{z_{1}z_{2}}=0$ . (2.5)
$G=U(N)(3+1)$ Yang-Mills-Higgs
11 } $(3+1)$ Yang-Mills-Higgs BPS ,
$G=U$(1) Dirac .
IYM 12
$I_{\mathrm{Y}\mathrm{M}\mathrm{H}}=- \frac{1}{4g_{\mathrm{Y}\mathrm{M}}^{2}}\int d^{4}x$ Tr ($F_{mn}F^{mn}+2D_{m}\Phi$Dm$\Phi$). (2.6)
, $\Phi$ $G$ Higgs : $d^{4}x:=dx^{0}d$x1dx2dx3, $m,$ $n=$
$0,1,2,3$ . , BPS .-
9 \emptyset $\theta$) , $\delta I/\delta O=0$ (O )
, . (non-BPS ) .
, . BPS
. , BPS Bogomol’nyi, Prasad, Sommerfield 3
.




$[D^{n}, [D_{n}, D_{m}]]+[\Phi, [\Phi, D_{m}]]=0$,
$\{\begin{array}{ll}\Leftrightarrow\frac{\delta I_{\mathrm{Y}\mathrm{M}\mathrm{H}}}{\delta A^{m}} =0\Leftrightarrow\frac{\delta I_{\mathrm{Y}\mathrm{N}\mathrm{I}\mathrm{H}}}{\delta\Phi} =0\end{array})$ (2.7)
$[D^{m}, [D_{m}, \Phi]]=0$ .
$\bullet$ BPS (Bogomol’nyi )
$B_{i}=\pm[Di, \Phi]$ . (2.8)
, $B_{i}:=-(i/2)\epsilon_{ijk}F^{jk}$ (i, $j,$ $k=1,2$ , $3$ ) . BPS $E$
$-\circ$
$E$ $=$ $\frac{1}{2g_{\mathrm{Y}\mathrm{M}}^{2}}\int d^{3}x$ Tr $[ \frac{1}{2}F_{i}$jF$ij+Di\Phi$D$i\Phi]$
$=$ $\frac{1}{2g_{\mathrm{Y}\mathrm{M}}^{2}}\int d^{3}x$ (2.9)
2 2 ( ) , .
2 1 .
Bogomol’nyi
$B_{3}=\pm[D3, \Phi]$ , $B_{z}=\pm[Dz’ \Phi]$ (2.10)
$\hat{D}_{z}:=(1/2)(\hat{D}_{1}-i\hat{D}_{2}),\hat{B}_{z}:=(1/2)(\hat{B}_{1}-i\hat{B}_{2})$ .
(i) ( [90, 13] )
( ) 13
$f\star g(x)$ $:=$ $\exp(\frac{i}{2}\theta$ijl)’$(x’))3^{x)}")f(x’)g(x’’)|_{x’=x’’=x}$
$=$ $f(x)g(x)+ \frac{i}{2}\theta^{ij}\partial_{i}f(x)\partial_{j}g(x)+\mathcal{O}(\theta^{2})$ (2.11)
–
$f\star$ (g $\star h$) $=(f\star g)\star h$










, BPS , (2.1), (2.2), (2.3), (2.6), (2.7), (2.8)
. 15,
: , BPS ,
. $U$ (N) 16.
.
$z:=x+vt,\overline{z}:=x-vt$ (2.11)




$f(z)\star g(z)=f(z)g(z)$ , $f(\overline{z})\star g(\overline{z})=f(\overline{z})g(\overline{z})$ . (2.13)
,
$\int$ d$D$ x$f(x) \star g(x)=\int$ d$D$xf(x) $g(x)$ , (2.14)
. , BPS
.17
(ii) (Connes [16] )
, (1.1) $\mathrm{N}\mathrm{C}$ .
2 ( $[x^{1}, x^{2}]=$ i . \^a $:=(1/\sqrt{2\theta})z$^’ $\hat{a}^{\uparrow}:=(1/\sqrt{2\theta})^{\frac{\hat}{z}}$ (
$\hat{z}:=\hat{x}^{1}+$ $i\hat{x}^{2})$ , $[\hat{x}^{1},\hat{x}^{2}]=i\theta$ ,
$[$\^a, $\hat{a}^{\uparrow}]=1$ (2.15)
. , \^a $a$\dagger ,^ , .
Fock $\mathcal{H}$ , $\mathcal{H}=\oplus_{n=0}^{\infty}\mathrm{C}|n\rangle$ . , $|n\rangle$ $:=\{(\hat{a}^{\uparrow})^{n}/\sqrt{n!}\}|0\rangle,$ $(n=$
$0,1,$ $\ldots)$ , $\hat{a}^{\uparrow}\hat{a}|n\rangle$ $=n|n\rangle$ , $\hat{a}|0\rangle$ $=0$
14 – , $\sigma$) ,
. . $U(1)$
$[A_{\mu}, A\nu]$ .




16 $g_{1},g\underline’\in G$ , $g_{1}\star g_{2}\in G$ . $G=SU$ (N)
1 .




$\hat{x}$ , Fock $\mathcal{H}$ :
$\hat{f}(\hat{x}^{1},\hat{x}^{2})=\sum_{m,n=0}^{\infty}f_{mn}|m\rangle\langle n|$ . (2.16)
$x^{1}- x^{2}$ ( $(\hat{x}^{1})^{2}+(\hat{x}^{2})^{2}$ \sim \^a\^a\dagger ),






$\hat{\partial}_{i}=-i(\theta^{-1}),j\hat{x}^{j}$ ! . Fock $\mathcal{H}$
$\int$ d$x^{1}$d$x^{2}\hat{f}$01, $\hat{x}^{2}$ ) $:=$ $2\pi\theta \mathrm{b}_{H}\hat{f}$ . (2.20)
, $\phi$ , $\Phi$
$D_{i}\hat{\Phi}^{\mathrm{a}\mathrm{d}\mathrm{j}}$ .
$:=$ $[\hat{D}_{i}, \mathrm{i}]$ $:=[\hat{\partial}_{i}+\hat{A}_{i}, \mathrm{i}]$ ,
$D_{i}\hat{\phi}^{\mathrm{f}\mathrm{u}\mathrm{n}\mathrm{d}}$
.
$:=$ $[\hat{\partial}_{i},\hat{\phi}]+\hat{A}_{i}\hat{\phi}$ . (2.21)
$\hat{D}_{i}=\hat{\partial}_{i}+\hat{A}_{i}$ .
(i) (ii) 19
(i) (ii) Euclid , Weyl
. (i) $f$ (x1, $x^{2}$ ) , Weyl : (ii)
$\hat{f}$ $(\hat{x}^{1}, x\hat 2)$
$\hat{f}$(j1, $\hat{x}^{2}$ ) $:=$ $\frac{1}{(2\pi)^{2}}\int$ dk1 $dk_{2}\tilde{f}$(k1, $k_{2}$ ) $e^{-i(k_{1}\hat{x}^{1}+k_{2}\dot{x}^{2})}$ . (2.22)
$\llcorner$ ,
$f^{\sim}(k_{1}, k2)$ $:=$ $\int dx^{1}dx^{2}f(x^{1}, x^{2})e^{i(k_{1}x^{1}+k_{2X}^{2})}$ . (2.23)
18|m $\rangle\langle$ Weyl (ii) ( ).
19 [57] .
85











$f(x^{1}, x^{2})= \int$ dk2 $e^{-i}$k2 $x^{2}\langle$x$1+ \frac{k_{2}}{2}|$ f$(\hat{x}^{1},\hat{x}^{2})|$x$1- \frac{k_{2}}{2}\rangle$ (2.25)
. Weyl , , , 1 1 , (i) (ii)
. ;
88
, $(r, \varphi)$ , $L_{n}^{\alpha}(x)$ Laguerre
$L_{n}^{\alpha}(x):= \frac{x^{-\alpha}e^{x}}{n!}(\frac{d}{dx})^{n}(e^{-x}x^{n+\alpha})$ . (2.26)
( $L_{n}$ (x) $:=L_{n}^{0}($x).) , : $[\hat{D}_{i},\hat{D}_{j}]$ , $[\hat{\partial}_{i},\hat{\partial}_{j}](=$
$i(\theta^{-1})_{i}$j) $-i(\theta^{-1})_{ij}$ .
BPS –
$\text{ }$ ASD (4 Yang-Mills-Higgs )
$(-\hat{F}_{z_{1}\overline{z}_{1}}-\hat{F}_{z_{2}\overline{z}_{2}}=)$ $[ \hat{D}_{z_{1}},\hat{D}_{z_{1}}^{1}]+[\hat{D}_{z_{2}},\hat{D}_{z_{2}}^{\uparrow}]+\frac{1}{2}(\frac{1}{\theta_{1}}+\frac{1}{\theta_{2}})=0$ ,
$(\hat{F}_{z_{1}z_{2}}=)$ $[\hat{D}_{z_{1}},\hat{D}_{z_{2}}]=0$ . (2.27)
,
$\theta^{\mu\nu}=(\begin{array}{llll}0 \theta_{1} 0 0-\theta_{1} 0 0 00 0 0 \theta_{2}0 0 -\theta_{2} 0\end{array})-$ (2.28)
4 2 ,
–
$\hat{f}(\hat{x}^{\mu})$ $=$ $\sum_{m_{1},m_{2},n_{1},n_{2}=0}^{\infty}f_{m_{1},m_{2},n_{1},n_{2}}|m_{1}\rangle\langle n_{1}|\otimes|m_{2}\rangle\langle n_{2}|$
$=$ : $\sum_{m_{1},m_{2},n_{1},n_{2}=0}^{\infty}f_{m_{1},m_{2},n_{1},n_{2}}|m_{1},$ $m_{2}\rangle\langle$$n_{1},$ $n_{2}|$ . (2.29)
ASD , .
$\bullet$ Bogomol’nyi ( $(3+1)$ Yang-Mills-Higgs )
$( \hat{B}_{3}=)2[\hat{D}_{z},\hat{D}_{z}^{\dagger}]+\frac{1}{\theta}$ $=$ $\pm[\hat{D}_{3},\hat{\Phi}]$ ,
$(\hat{B}_{z}=)$ $[\hat{D}_{3},\hat{D}_{z}]$ $=$ $\pm[\hat{D}_{z},\hat{\Phi}]$ . (2.30)
$\hat{B}_{3}$ , . $x^{1},$ $x^{2}$
-20
$[\hat{x}^{1},\hat{x}^{2}]=i\theta$, $(\theta>0)$ , – $[x^{\mu}, x’]=0$ . (2.31)
, , ,
. Fock






3 $\mathrm{A}\mathrm{D}\mathrm{H}\mathrm{M}/\mathrm{N}\mathrm{a}\mathrm{h}\mathrm{m}$ Construction of Exact BPS Solitons
$\mathrm{A}\mathrm{D}\mathrm{H}\mathrm{M}/\mathrm{N}\mathrm{a}\mathrm{h}\mathrm{m}$ 21 , / 7]
, . , / (4 /3
) $\mathrm{A}\mathrm{D}\mathrm{H}\mathrm{M}/\mathrm{N}\mathrm{a}\mathrm{h}\mathrm{m}$ 1 1 ( )
, $\lceil \mathrm{D}\mathrm{i}\mathrm{r}\mathrm{a}\mathrm{c}$ .
/ , (
) . ( A .) ,
$\mathrm{A}\mathrm{D}\mathrm{H}\mathrm{M}/\mathrm{N}\mathrm{a}\mathrm{h}\mathrm{m}$ , .




$(\mu_{R}:=)$ $[B_{1}, B_{1}^{\uparrow}]+[B_{2}, B_{2}^{\dagger}]+II^{\dagger}-J^{\uparrow}J=-2(\theta_{1}+\theta_{2})=:($ ,
$(\mu_{C}:=)$ $[B_{1}, B_{2}]+IJ=0$ . (3.1)
, $B_{1},$ $B_{2}$ $k\cross k$ , $I,$ $J\dagger$ $k\cross N$ . ,
$-[z_{1},\overline{z}_{1}]-[z_{2}, z- 2]$ , . 4
ADHM $B_{i}$ ,
.
(ii) – $\lceil 0$ Dirac
$\nabla^{\dagger}V:=($ $J^{1}I$ $-( \overline{z}_{1}-Bz_{2}-B_{2}\{)z_{1}-B_{1}\frac{}{z}2-B_{2}^{\dagger}$ ) $(\begin{array}{l}uv_{1}v_{2}\end{array})=0$ . (3.2)
$V^{\uparrow}V=1$ , .





$\mathcal{M}$ , ADHM . $(\mathcal{M}=\mathcal{M}_{\zeta}.\cdot)$ ADHM
21 $[48, 23]$ .
98
(3.1) 1 $\zeta$ 22, ( )
$[111, 112]$ . $1_{\vee}$
, . $U$ (y
23, $\mathrm{R}^{4}$ $[114, 31]$ .




small instanton resolution of
singularity the singularity
2: $\mathcal{M}$
$\mathrm{D}$-brane $[24, 140]$ . $k$ DO-brane
$N$ D4-brane BPS ( 3 ).
$\mathrm{k}$ DO $arrow$ BPS condition $=\mathrm{D}$-flatness condition $=$ ADHM equation
0-0 strings – B1, $\mathrm{B}2$
$0- 4$ strings – $\mathrm{I},$ $\mathrm{J}$
$\mathrm{N}$ D4 $arrow$ BPS condition $=(\mathrm{A})\mathrm{S}\mathrm{D}$ equation
3: ADHM D-br‘ane
2 . D4-brane .
SUSY , (4 ) BPS
, DO-brane . DO SUSY
$\mathrm{D}$-flatness . D-flatness , DO-brane SYM
22 $\theta$ $\zeta=0$ .
.
236 , $\mathrm{N}\mathrm{C}$ $SU(N)$ $U$ (N) , ,
$U(N)$ (\simeq S $U$ (N) $\mathrm{x}U$ (y) $U$ (y .
88
, 0-0 ( $k\cross k$
) ( ) 240-4 ( $k\cross N$ ) .
$B_{1,2}$ $I,$ ]$\dagger$ : $\mathrm{D}$-flatness , ADHM
. ,
. $|$ $4Nk$ , DO-D4
$\mathrm{B}\mathrm{P}\mathrm{S}$ $\mathrm{D}0$-brane , .
ADHM , $\mathrm{D}$-brane , $B$
$\mathrm{F}\mathrm{I}$ $\mathrm{D}$-flatness .
.







(i) ADHM $k\cross k$ , $(k=1)$
. : $B_{1},$ $B_{2}$ $\langle$ : $I,$ $J$
. -
$B_{1}=\alpha_{1}$ , $B_{2}=\alpha$2, $I=(\rho, 0)$ , $J=(\begin{array}{l}0\rho\end{array}),$ $\alpha$ 1,$2\in \mathrm{C}$ , $\rho\in$ R. (3.3)
$\alpha$ , $\alpha_{1}=b_{2}+ib_{1},$ $\alpha_{2}=b_{4}+ib_{3}$ $b_{\mu}$ -
(ii) : $\lceil 0$ Dirac
\dagger V $=($ $0\rho$ $\rho 0$ $\overline{e},(x_{\mu}-b_{\mu})$ ) $V=0$ (3.4)
( $\overline{e}=($ $i\sigma,$ $1$ )),
$V= \frac{1}{\sqrt{\phi}}(\begin{array}{l}\overline{e}_{\mu}(x_{\mu}-b_{\mu})0-\rho 0-\rho\end{array}\}$ $\phi=|x-b|^{2}+\rho^{2}$ (3.5)
. $\phi$ $V^{\uparrow}V=1$ .
24
$\mathrm{A}\mathrm{a}$ Higgs $\sqrt$ $\#\wedgearrow$ .
100
$\text{ }$ (iii) - $V$
$A_{\mu}$ $=$ $V^{\uparrow} \partial_{\mu}V=\frac{i(x-b)^{\nu}\eta_{\mu\nu}^{(-)}}{(x-b)^{2}+\rho^{2}}$ (3.6)
$F_{\mu\nu}$ $=$ $\frac{2i\rho^{2}}{(|x-b|^{2}+\rho^{2})^{2}}\eta_{\mu\nu}^{(-)}$ . (3.7)
, $\eta_{\mu\nu}^{(-)}$ ’ $\mathrm{t}$ Hooft I ASD ,
. 5 , 1 $b^{\mu}$ (4
) 25 $\rho$ (1 ) . , ADHM $B_{1,2}$
, ADHM $I,$ $J$ .





, . ( 4 .)
small instanton singularity
4: $\mathcal{M}_{0}$ BPST
BPST $\sqrt[\backslash ]{}\text{ }$ $\sqrt$ $\sqrt$ $(G=U(2), k=1)$
$G=U(2)$ (ASD) 1 ( BPST ) ADHM
. ADHM (3.1)
$B_{0,1}=0,$ $I=(\sqrt{\rho^{2}+\zeta},$ $0),$ $J=(\begin{array}{l}0\rho\end{array})$ (3.8)
$\overline{25arrow}\check$$.\text{ }$’ $J(\sqrt \text{ \sqrt[\backslash ]{}\mathrm{b}\backslash i$ $\text{ }\dashv f$ } $\mathrm{J}$ , $F_{\mu\nu}$ .
101
( ) . ( $\zeta>0$ .) $I$
, $\rho$ $I$ , \dashv t,
. $U$ (1) ,
. $U$ (1)
, ( $\sqrt{\zeta}$ )
. ( 5 .)
$\mathrm{U}(1)$ instanton
resolved singularity
5: , $\mathcal{M}_{\zeta}$ BPST
BPST , .
$B_{1}=B_{2}=0$ , ADHM $B_{1}=B_{2}=0$ ,
$I=(\rho, 0),$ $J^{l}=(0, \rho)$ $I=(\sqrt{\rho+\zeta}, 0),$ $J^{t}=(0, \rho)$
$\mathrm{C}^{2}/\mathrm{Z}_{2}$ Eguchi-Hanson $\mathrm{C}^{\overline{2}}/\mathrm{Z}_{2}$
(singular)(regular)
F\mu \mbox{\boldmath $\nu$}\rightarrow $F_{\mu\nu}arrow U$(y
(singular)(regular)
$U$(y .






ADHM , $U$ (y $I$ $J$
[112]. ADHM $(B_{1,2}=0, I=\sqrt{\zeta}, J =0)$ ,
0 Dirac
$\hat{\nabla}=(\begin{array}{ll}\sqrt{\zeta} 0\hat{\overline{z}}_{2} -\hat{z}_{1}\frac{\hat}{z}1 \hat{z}_{2}\end{array})$ , $\hat{\nabla}\dagger=(\begin{array}{lll}\sqrt{\zeta} \hat{z}_{2} \hat{z}_{1}0 -\frac{\hat}{z}1 \frac{\hat}{z}2\end{array})$ (3.9)
\dagger ,
$\hat{f}=\sum_{n_{1},n_{2}=0}^{\infty}\frac{1}{n_{1}+n_{2}+\zeta}|$n1, $n_{2}\rangle\langle$ $n_{1},$ $n_{2}|$ (3.10)




. I4 $|0,0\rangle$ ,
$\hat{V}_{1}^{1}\hat{V}_{1}$ $\mathcal{H}$ . $\hat{V}$
.
[31] , $\mathcal{H}_{1}:=\mathcal{H}-|0,0$ $\rangle\langle$0, $0|$ , $\hat{V}_{1}$
. , $\mathcal{H}_{1}$ $\mathcal{H}$
( ), $\mathcal{H}$ $\hat{V}$ [32] :
$\hat{V}=\hat{V}$1 $\hat{\beta}_{1}\hat{U}_{1}^{\uparrow}$ , $\hat{V}^{\uparrow}\hat{V}=1$ (3.12)
$\hat{U}_{1}$ .-
$\hat{U}_{k}$c $=1$ , $\hat{U}$Z $\hat{U}_{k}=1-\hat{P}_{k}$ , (3.13)
, $\hat{P}_{k}$ $k$ . $\hat{P}_{k}$ $\hat{U}_{k}$
, .28
$\hat{U}_{k}$ $=$ $\sum_{n_{1}=1,n_{2}=0}^{\infty}|$nb $n_{2}\rangle$ $\langle n_{1}, n_{2}|+.\sum_{n_{2}=0}^{\infty}|0, n_{2}\rangle$ $\langle$0, $n_{2}+k|$ ,
$\hat{P}_{k}$ $=$ $\sum_{m=0}^{k-1}|$0, $m\rangle\langle$ $0,$ $m|$ . (3.14)
$27\zeta\neq 0$ $\hat{f}$ ([31] Appendix $\mathrm{A}$).





1 $=$ $(1-\hat{P}_{1})(\hat{V}_{1}^{\dagger}\mathrm{t}_{1}^{\hat{\gamma}})^{-\frac{1}{\mathit{2}}}.$( $1-$ $7\wedge$l)
$=$
$\sum_{(n_{1},n\cdot)\neq(0,0)}\frac{1}{(1+n_{2})(n_{1}+n_{2}+\zeta)}|$ “, $2\rangle$ $\langle$ 1, $2|$ (3.15)
. $\hat{V}$ $(1-\hat{P}_{1})$ $\mathcal{H}_{1}$ , $\hat{U}_{1}$ $\mathcal{H}_{1}$
$\mathcal{H}$ . 2 (“$\mathrm{F}\mathrm{u}\mathrm{r}\mathrm{u}\mathrm{u}\mathrm{c}\mathrm{h}\mathrm{i}$ ’s
Method”). ,
-1 . $\hat{P}_{1}$ .






$\lceil \mathrm{A}\mathrm{D}\mathrm{H}\mathrm{M}$ $\lceil 0$ Dirac . $I=J=0$
(3.2) \^u # . .
, $\hat{v}_{1}=|0,0$ $\rangle\langle$0, $0|,\hat{v}_{2}=0$ .
$\hat{u}\hat{u}^{\uparrow}=1,$ $\text{\^{u}}\dagger\text{\^{u}}=1-\hat{P}_{1}$ $\text{\^{u}}=\hat{U}_{1}$ ( $!$ ) , Dirac
$\wedge$
$\hat{V}=(\begin{array}{l}\hat{u}\hat{v}_{1}\hat{v}_{2}\end{array})$ $=(\begin{array}{l}\hat{U}_{1}|0,0\rangle\langle 0,0|0\end{array}),$ (3.17)
$\hat{U}_{1}$ .29
( ) –
$\hat{D}_{z}\dot{.}$ $=$ $\hat{V}^{+}\hat{\partial}_{z_{i}}\hat{V}=\hat{u}^{\dagger}\hat{\partial}_{z}\hat{u}+\hat{v}^{\dagger}\hat{\partial}_{z_{j}}\hat{v}=\hat{U}I:\hat{\partial}_{z_{i}}\hat{U}_{1}-|0,0\rangle$ $\langle 0,0|\frac{\hat{\overline{z}}_{i}}{2\theta^{i}}|0,0\rangle$ $\langle$0, $0|$
$=$
$\hat{U}$l $\hat{\partial}_{z:}\hat{U}_{1}$ . (3.18)
Solution Generating Technique . Solution Generating
Technique
$\hat{D}_{z_{i}}arrow\hat{U}$: $\hat{D}_{z_{i}}\hat{U}_{k}$ (3.19)
$29\mathrm{F}\mathrm{u}\mathrm{r}\mathrm{u}\mathrm{u}\mathrm{c}\mathrm{h}\mathrm{i}$’sMethod $--\text{ }$ } $\mathrm{f}$ $t^{\grave{\mathrm{a}}}\neg$ $\mathrm{A}\backslash$ .
104
, $\hat{U}_{k}$ ( ) ,
. [60] ,
, ( ) .30
“Localized ” # , Solution Generating Technique
“Localized ” . “Localized
” Solution Generating Technique , “Localized
” ADHM .
$F_{12}=-F_{34}=i \frac{1}{\theta}|0,0\rangle\langle$0, $0|$ (3.20)
. $\hat{P}_{k}$ , -1 .
Seiberg-Witten $[125, 116]$
. DO-brane
$J_{\mathrm{D}0}(x)= \frac{2}{\theta^{2}}+\delta$ (4)(x). (3.21)
[68]. 2 Localize $\mathrm{L}$, DO-brane ( )
, .
. $B$ DO-brane D4-brane







[33, 80, 121, 134].
$\overline{30\mathrm{S}\mathrm{o}\mathrm{l}\mathrm{u}\mathrm{t}\mathrm{i}\mathrm{o}\mathrm{n}}$Generating Technique}f \emptyset , $\mathrm{D}$-brane
$\mathrm{D}$-brane Sen [126] [60]. (
$[45, 58]$ .)
105
3.2 Nahm Construction of Monopoles
Nahm . . 31
(i) -Nahm
$\frac{dT_{i}}{d\xi}-\frac{i}{2}\epsilon$ijk $[T_{j}, T_{k}]=-fl\delta_{i3}$ (3.22)
.32 $1\mathrm{h}--(1/2)[z, \overline{z}]$ .
(ii) $\vee-\mathrm{N}\mathrm{a}\mathrm{h}\mathrm{m}$ $T_{i}$ , $\lceil 1$ Dirac
(ii) $\lceil 1$ Dirac $v$ , $A_{i}=$
$\int d\xi v^{\mathrm{t}}\partial_{i}v,$ $\Phi=\int d\xi v^{\}}\xi v$ Higgs , . Bogomol’nyi
$[ \Phi, D_{i}]-\frac{i}{2}\epsilon$
ijk $[D_{j}, D_{k}]= \frac{1}{\theta}\delta_{i3}$ (3.23)
.
. Nahm (3.22) $T_{i}’:=T_{i}+\delta_{i3}\theta\xi$
, Nahm (3.22) , $T_{i}’$ ,
Nahm . : $G=U$(y, $U$ (2)
[41].
$U$ (y, $k=1$ Dirac $\text{ }$ $-l\triangleright$
1-Dirac Nahm (Nahm
(3.22) $T_{i}=0$ ( ) . $k=1$
.) –
$\Phi=-\frac{1}{2r},$ $A_{r}=A_{\theta}=0,$ $A_{\phi}= \frac{1}{2r}\frac{1+\cos\theta}{\sin\theta}$ . (3.24)
$(r, \theta, \phi)$ . $\theta=0$ ,
$\theta=0$ , $x^{3}$ . $x^{3}$
Dirac . Dirac
,
$33$ . $\prime x^{3}$
$B_{i}=- \partial_{i}\Phi=-\frac{x^{i}}{2r^{3}}$ (3.25)





6: Dirac ( ( ) $\mathrm{V}.\mathrm{S}$ . ( ))
$U$ (y, $k=1$ Dirac $\text{ }/+_{\backslash }^{\mathrm{O}}-$ ] $\triangleright$
1-Dirac [41] Nahm ( Nahm
(3.22) $T_{i}=-\delta_{i3}\theta\xi$ ( ) .) :
$\Phi$ $=$ $\sum_{n=0}^{\infty}\Phi_{n}|nXn|$ $= \pm\{\sum_{n=1}^{\infty}(\xi_{n}^{2}-\xi_{n-1}^{2})|n\mathrm{X}n|$ $+( \xi_{0}^{2}+\frac{x^{3}}{\theta})|0\rangle\langle 0|\}$ ,
$A_{z}$ $=$ $\frac{1}{\sqrt{2\theta}}\sum_{n=0}^{\infty}(1-\frac{\xi_{n}}{\xi_{n+1}})a^{\dagger}|n\rangle$ $\langle$n|, $A_{3}=0$ . (3.26)
$\zeta_{n}:=\int_{0}^{\infty}dpp^{n}e^{-\theta p^{2}+2px^{3}}$ , $\xi_{n}:=\sqrt{\frac{n\zeta_{n-1}}{2\theta\zeta_{n}}}$ . (3.27)
. ( $r_{n}+x^{3}arrow\infty,$ $r$n $:=\sqrt{(x^{3})^{2}+2\theta n}$ )
34 $|$
$\Phi_{n}$ $\{$








, Higgs $n=0,$ $x^{3}arrow\infty$ , $x^{3}$
. 35 ( 6 .) $x^{3}$ – $(B_{3}(x^{3}arrow+\infty))_{0}|0\rangle\langle 0|$ ,
$\backslash \cdot \mathrm{L}^{r}.\mathrm{e}\mathrm{y}1$ , Gauss $(2/\theta)\exp\{-((x^{1})^{2}+(x^{2})^{2})/\theta\}$
31 , [48, 44, 45, 46, 47] [113] .
32 .
33 $[38, 57]$ .
34 $\zeta_{n}$ .
35 $n$ 1-2 2 $((x^{1})^{2}+(x^{2})^{2}\sim 2\theta n)$ .
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$j$
$\sqrt{\theta}$ . $\thetaarrow 0$ ,
: Dirac . , $x^{3}$
Dirac ,
: (3.26) Dirac Dirac , 36
. ,
.
$\underline{\mathrm{R}\mathrm{e}\mathrm{l}\mathrm{a}\mathrm{t}\mathrm{i}\mathrm{o}\mathrm{n}}$to Integr ble Syste s
1-Dirac (3.26) ,
Yang ( [104] ) [41]
$\Phi=\xi^{-1}\partial_{3}\xi,$ $A_{z}=.\xi^{-1}[\hat{\partial}_{z}, \xi]$ , (3.30)
$\xi:=\sum_{n=0}^{\infty}\xi_{n}(x_{3})|n\mathrm{X}n|$ . (3.31)
.
Bogomol’ $\mathrm{n}\mathrm{y}\mathrm{i}$ (2.30) 1 ( [132] )
[41]
$\frac{d^{2}q_{n}}{dt^{2}}$ $+e^{q_{n-1}-q_{n}}-e^{q_{n}-q_{n+1}}=0$ , $(n=0,1,2, \ldots)$ (3.32)




Yang $\xi$ $\xi_{n}$ (3.27) . $\cdot$ .













[84, 56, 131]. , ASD
.





, 4 ASD Yang-Mills
( ) (Ward [137]) [1,2, 3, 81, 104].
ASD Yang-Mills , $\mathrm{K}\mathrm{d}\mathrm{V}$ , $\mathrm{K}\mathrm{P}$
.
4 ASD Yang-Mills Lax .
Lax . Lax
, Ward . 4 ASD
Yang-Mills , Lax . , Lax
, .
, Lax (Lax )
, Lax $[135, 53]$ .
, . Burgers
, . [54].
Ward – Lax , 4
ASD Yang-Mills . ( 7)
4-dim. ASD YM $\mathrm{e}\mathrm{q}\mathrm{s}$ . NC $\mathrm{N}\mathrm{C}$ 4-dim. ASD $\mathrm{Y}\mathrm{M}\mathrm{e}\mathrm{q}\mathrm{s}$ .
(Integrable) (Integrable)
$1$ Reductions $\mathrm{R}\mathrm{e}\mathrm{d}\mathrm{u}\mathrm{c}\mathrm{t}\mathrm{i}\mathrm{o}\mathrm{n}\mathrm{s}|$
Lax equations NC $\mathrm{N}\mathrm{C}$ Lax equations
e.g $\mathrm{K}\mathrm{d}\mathrm{V}$ , P , NLS, ... Our e.g $\mathrm{N}\mathrm{C}\mathrm{K}\mathrm{d}\mathrm{V},$ $\mathrm{N}\mathrm{C}$ B ...
works
(Integrable) (Integrable)







$\lceil\theta$ . $q$ .
.
, , . Burgers
Cole-Hopf $u=\partial_{x}1$Og $\tau$ .
, $u=\partial_{x}^{2}\log\tau$ , .
[55], [51] ,
, . , ( Grassmannian)
, .
. ,
[9, 12, 19, 20, 21, 29, 30, 39, 40, 53, 54, 74, 75, 96, 98, 99, 100, 103,
118, 115, 135, 136, 142, 144] , .
Appendix $\mathrm{C}$ .
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A Known NC BPS Solitons
) . 37
, $\mathrm{A}\mathrm{D}\mathrm{H}\mathrm{M}/\mathrm{N}\mathrm{a}\mathrm{h}\mathrm{m}$ . , $\mathrm{S}\mathrm{D}$ , ASD
Self-Dual, Anti-Self-Dual . “ ${ }$” “Solution Generating Technique” BPS
$[52, 62]$ BPS 38.
37 .
38 “${ }$” $U$ (2) $k=1$ SD , Seiberg-Witten [116]
(iii) [68].
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$\rfloor \mathrm{I}$ (ii) –
$\backslash$
$=-\backslash \underline{\prime \mathrm{T}^{\backslash }\backslash }$ (i) $\ovalbox{\tt\small REJECT}\gamma^{\backslash }’\backslash arrow$ (iii) $\ovalbox{\tt\small REJECT},$ $\backslash -\backslash \backslash B$
DBI $($ $=\overline{-}$
$U$ (y, $U$ (2)ASD
.,
$($ \mbox{\boldmath $\theta$}. $\mathrm{S}\mathrm{D})$ $\bullet$ $U$ (y $k=1$ ASD
$(k=1,2, \cdots)$ $\ldots$ (B $\mathrm{S}\mathrm{D}$ ) $–$ .‘ $\mathrm{S}[133]$
Nekrasov-Schwarz $[114]_{:}^{*}$ $\bullet$ $U$ (y $k=1$ ASD
$[31]^{*}\prime\prime\backslash$
$\cdot$ . $[138]_{:}^{*}$ $(B \mathrm{f}\wedge)\underline{\backslash }\backslash \wedge**$ [109]
Chu-Khoze-Travaglini $[14]^{*}$






$\bullet$ $U$(y $k=1$ ASD
( $\theta$ $( -\backslash )$ . Nekr ov [113]
$\bullet$ $U$ (2) $k=1$ SD
$\sqrt$ $(\theta\vee \mathrm{S}\mathrm{D})-$ $[34]^{*}$
$\mathrm{S}\mathrm{D}$ Localized
$(\theta \mathrm{S}\mathrm{D}, k, -\cdot\backslash )$ $\text{ }$ $\langle \backslash -- \rangle\wedge$
Aganagic et al. [4], $\mathrm{M}\mathrm{a}\mathrm{r}\mathrm{i}\mathrm{n}\mathrm{o}$ et al. [102],
$\backslash \grave{(}\backslash$ $[49]^{*}$ Kraus-Shigemori [92], $\cdot$ .
$\text{ }U$ (1) $k=1^{\cdot}$ $\text{ }U$(1) $k=1$ $\text{ }U$ (1) $k=1$
Gross-Nekr ov $[41]^{*}$ $(\theta 1\backslash ’)$ . $\mathrm{K}$ $\mp’\backslash$ [66] (Higgs ) $\dot{\mathrm{D}}*$ [108]
$\text{ }U$ (2) $k=1–$ $\bullet$ $U$ (2) $k=1$ (Gauge ):
Gross-Nekrasov $[43]^{*}$ $(\theta 1\backslash ’)$ ” Bak [6]’, $\mathrm{K}$ $\backslash$ $*$ [67]
$|$ ${ }$ Fluxon $(k. \cup\backslash -)-$- $\mathrm{K}$ $*1$ [65]
Gross-Nekrasov[42], $(\theta 2\backslash )$ -{ [37] $\mathrm{o}$ $\langle$ $\backslash =--$ $\rangle$
Polychronakos [119], A $\mathrm{K}$ [64],
$[49]^{*}$ $\mathrm{K}[63],$ $\cdot$ .
(i) ( $\theta=0$ ) $\theta$ .
, (i) , (i) (iii)
. , (i), (iii) (i) (iii)
, (i), (iii) .
$\mathrm{B}$ AList of Reviews of $\mathrm{N}\mathrm{C}$ Theories
–2001 2 [78], [50]
$\ulcorner$
. Douglas and Nekrasov [26], Szabo [130]
Harvey [58]
( ) –Konechny and Schwarz [88]
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Nekrasov [113]
Konechny and Schwarz [89]
( ) $\mathrm{A}\mathrm{D}\mathrm{H}\mathrm{M}/\mathrm{N}\mathrm{a}\mathrm{h}\mathrm{m}$ – [48], [138]
( ) ‘ [33], Harvey [59], ( ) [106]





. , ( Lax ) $\tau$ .
, . ,
.
. $N$ ( ) $A$
, –
$A=\partial^{N}+aN-1\partial^{N-1}+$ $\cdot$ . $+a0$ $+a-1\partial^{-1}+a-2\partial^{-2}+\cdot$ . .. (C.1)
.-
$A_{\geq r}$ $:=$ $\partial^{N}+aN-1\partial^{N-1}+$ $\cdot$ . $+ar\partial^{r}$ , (C.2)
$A_{\leq r}$ $:=$ $A-A_{\geq r+1}=a_{r}\partial^{\Gamma}+a_{r-1}\partial^{r-1}+\cdots$ , (C.3)
$\mathrm{r}\mathrm{e}\mathrm{s}_{r}A$ $:=$ $a_{r}$ . (C.4)
$\mathrm{r}\mathrm{e}\mathrm{s}_{-1}A$ $A$ residue I .
$\partial_{x}^{n}$ $f$ , Leibniz :
$xn$ . $f:= \sum_{i\geq 0}(\begin{array}{l}ni\end{array})(\partial_{x}^{i}f)\partial^{n-i}$, (C.5)
$(\begin{array}{l}ni\end{array}):=\frac{n(n-1)\cdots(n-i+1)}{i(i-1)\cdots 1}$ . (C.6)
(C.6) , $n$ , (C.5)
. ,
$x-1$ . $f$ $=$ $f\partial_{x}^{-1}-f’\partial_{x}^{-2}+f’’\partial_{x}^{-3}-\cdots$ ,
$\partial_{x}^{-2}\vee f$ $=$ $f\partial_{x}^{-2}-2f’\partial_{x}^{-3}+3f’’\partial_{x}^{-4}-\cdot\cdot:$ ,
$\partial_{x}^{-3}$ . $f$ $=$ $f\partial_{x}^{-3}-3f’\partial_{x}^{-4}+6f’’\partial_{x}^{-5}-\cdots$ , (C.7)
112
$f’:=\partial f/\partial x,$ $f$
” $:=\partial^{2}f/\partial x^{2}$ . $x-1$ $\int^{x}dx$
.
, $\langle$ ,
( [107, 10, 93, 117] .)
( ) . 1 $L$
:
$L=\partial_{x}+u2\partial_{x}^{-1}+u3Qx-2+u4\partial_{x}^{-3}+\cdot$ . . (C.8)
$u_{k}$ $(k=2,3, . . .)$ $(x^{1}, x^{2}, \ldots)$ . . (
$x^{1}\equiv x.$ )
$u_{k}=u_{k}(x^{1}, x^{2}, \ldots)$ . (C.9)
, , .
$(x^{1}, x^{2}, \ldots)$ .
-
mL= $[B$ ’ $L]_{\star}$ , $m=1,2,$ $\ldots$ , (C.1O)
$\partial_{m}$ $L$ , $\partial_{m}L:=[\partial_{m}, L]$ $\partial_{m}\partial_{x}^{k}=0$ $\partial_{x}^{k}$
. $B_{m}$ , :
$B_{m}:=(L\star\cdots\star L)_{\geq 0}=:\check{m\mathrm{f}\mathrm{E}}(L^{m})_{\geq r}$
, (C.ll)
.
$B_{1}$ $=$ $\partial_{x}$ ,
$B_{2}$ $=$ $\partial_{x}^{2}+2u2,$
$B_{3}$ $=$ $\partial_{x}^{3}+3u2\partial_{x}+3(u3+u2x)$ ,
$B_{4}$ $=$ . . . (C.12)
(C.1O) $m$ , $\partial^{1-k}$
. , $m$ , .
. (C.1O) $,$ $\sim u_{k}$ , $x^{m}$
.
(KP) (C.1O) ,
. Ll=B $\mathrm{K}\mathrm{P}$ $l$ , $\mathrm{K}\mathrm{d}\mathrm{V}$ ,
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Boussinesq , $N,$ $k$
$\frac{\partial u_{k}}{\partial x^{Nl}}=0$ , (C.13)
.
$\frac{dL^{l}}{dx^{Nl}}=[B_{Nl}, L^{l}]_{\star}=[(L^{l})^{N}, L^{l}]_{\star}=0$ . (C.14)
, $L^{l}=B_{l}$ , ,





. , $m=1$ ,
\mbox{\boldmath $\delta$} k) $\partial_{1}u_{k}=u_{k}’$ , $k=2,3,$ $\ldots$ $\Rightarrow$ $x^{1}\equiv x$ , (C.15)
$m=2$ ,
$x-1$ ) $\partial_{2}u_{2}=u_{2}’’+2u_{3}’$ ,
2) $\partial_{2}u_{3}=u_{3}’’+2u_{4}’+2u_{2}\star u_{2}’+2[u_{2}, u_{3}]_{\star}$ ,
$x-3$ ) $\partial_{2}u_{4}=u_{4}’’+2u_{5}’+4u_{3}\star u_{2}’-2u_{2}\star u_{2}’’+2[u_{2}, u_{4}]_{\star}$,
$x-4$ ) $\partial_{2}u_{5}=$ ... , (C.16)
$m=3$ ,
$\partial_{x}^{-1})$ $\partial$3u2 $=$ $u_{2}’’’+3u_{3}’’+3u_{4}’+3u_{2}’\star u_{2}+3u_{2}\star u\ovalbox{\tt\small REJECT}$
$\partial_{x}^{-2})$ $\partial_{3}$u3 $=$ $u_{3}’’’+3u4"$ $+3u5’$ $+6u2$ $\star u_{3}’+3u_{2}’\star u_{3}+3u_{3}\star u_{2}’+3[u_{2}, u_{4}]_{\star}$,
$\partial_{x}^{-3})$ $\partial_{3}$u4 $=$ $u_{4}’’’+3u" 5$ $+3u6’$ $+3u’ 2$ $\star u_{4}+3u_{2}\star u_{4}’+6u_{4}\star u_{2}’$
$-3u_{2}\star u_{3}’’-3u_{3}\star u_{2}’’+6u3$ $\star u_{3}’+3[u_{2}, u. 5]_{\star}+3[u_{3}, u_{4}]_{\star}$ ,
$\partial_{x}^{-4})$ $\partial_{3}$u5 $=$ $\cdot\cdot$ . (C.17)
, $x_{2}$. (C.16) , $u_{3},$ $u_{4},$ $u_{5},$ $\ldots$ 1
$2u_{2}\equiv u$ . ,
. . (C.16)
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2 , (C.17) , $u_{3},$ $u_{4}$ : $(2+1)$
$\mathrm{K}\mathrm{P}$ $[118, 93]$ ( $2u_{2}\equiv u,$ $x^{2}\equiv y,$ $x^{3}\equiv t,$ $\partial_{x}^{-1}=\int^{x}d$x):
$\frac{\partial u}{\partial t}=\frac{1}{4}\frac{\partial^{3}u}{\partial x^{3}}+\frac{3}{4}\frac{\partial(u\star u)}{\partial x}+\frac{3}{4}\partial_{x}^{-1}\frac{\partial^{2}u}{\partial y^{2}}-\frac{3}{4}[u,$$\partial_{x}^{-1}\frac{\partial u}{\partial y}]_{\star}$ (C. 18)
(C.1O) $\mathrm{K}\mathrm{P}$ .
$\mathrm{K}\mathrm{d}\mathrm{V}$ ( $\mathrm{K}\mathrm{P}$ 2 )
$L^{2}=B_{2}=:\partial_{x}^{2}+u$ $\mathrm{K}\mathrm{P}$ , $\mathrm{K}\mathrm{d}\mathrm{V}$ .
,
$\frac{\partial u}{\partial x^{m}}=[B_{m},$ $L^{2}]_{\star}$ , (C.19)
$m$ $\mathrm{K}\mathrm{d}\mathrm{V}$ , (C.19) ,
. , $m=3$ , $x^{3}\equiv t$ $(1+1)$ $\mathrm{K}\mathrm{d}\mathrm{V}$
[21]
$\dot{u}=\frac{1}{4}$u$\prime\prime\prime+\frac{3}{4}(u\star u)’$ , (C.20)
, $m=5$ , $x^{5}\equiv t$ , $(1+1)$ 5 $\mathrm{K}\mathrm{d}\mathrm{V}$ [135]
$\dot{u}$ $=$ $\frac{1}{16}u"/"+\frac{5}{16}$ $(u \star u’’’+u\prime\prime\prime\star u)+\frac{5}{8}(u’\star u’+ u\star u\star u)’$ , (C.21)
. $\dot{u}:=\partial u/\partial t$ .
Boussinesq ( $\mathrm{K}\mathrm{P}$ 3 )
3 $L^{3}=B_{3}$ , Boussinesq . , $(1+1)$
Boussinesq(-like) [135] $\mathrm{A}\mathrm{a}$ .-
$\text{\"{u}}=\frac{1}{3}u^{\prime\prime/\prime}+(u\star u)’’+([u, \partial_{x}^{-1}\dot{u}]_{\star})_{:}’$ (C.22)
with $t\equiv x^{2},$ \"u $:=\partial^{2}u/\partial t^{2}$ .
Sawada-Kotera ( BKP 3 )
BKP $\mathrm{K}\mathrm{P}$ , $B_{m}$ $(m=1,3,5, \ldots)$
[82]. , 3 Sawada-
Kotera . $(1+1)$ Sawada-Kotera
–
$\dot{u}+\frac{1}{9}u^{\prime\prime\prime\prime\prime}+\frac{5}{9}$ u$\prime\prime\prime\star u+\frac{5}{9}u’’\star u’+\frac{5}{9}$u $\star u’\star u=0$ , (C.23)
$t\equiv x^{5},$ $u$ \equiv 3u2.
115
, $\mathrm{K}\mathrm{d}\mathrm{V}$ , Burgers






: 1 , $(1+1)$
, ,
1 , , .
2 [51] :
m\partial nu $=$ $\partial_{n}\partial_{m}u$ (C.24)
$m,$ $n$ . [139]
[51]. Zakharov-Shabat
$B_{n}-\partial_{n}B_{m}-[B_{m}, B_{n}]_{\star}=0$ . (C.25)
.
.
: [3, 28, 105, 143].
, . ,
$\frac{\partial\sigma(t,x^{i})}{\partial t}=\partial_{i}$J$i(t, x^{i})$ , (C.26)
$\sigma(t, x^{i})$ , $J^{i}$ (t, $x^{i}$ ) .
$Q(t)= \int_{\mathrm{s}\mathrm{p}\mathrm{a}\mathrm{c}\mathrm{e}}$ dDx\sigma ( $x^{i}$), (C.27)
.
$\frac{dQ}{dt}=\frac{\partial}{\partial t}\int_{\mathrm{s}\mathrm{p}\mathrm{a}\mathrm{c}\mathrm{e}}d^{D}x\sigma(t, x^{i})=\int_{\mathrm{s}\mathrm{p}\mathrm{a}\mathrm{c}\mathrm{e}}d^{D}x\partial_{i}J_{i}(t, x^{i})=\int_{8\mathrm{p}\mathrm{a}\mathrm{t}\mathrm{i}\mathrm{a}1}\mathrm{i}\mathrm{n}\mathrm{f}\mathrm{i}\mathrm{n}\mathrm{i}\mathrm{t}\mathrm{y}dS^{i}J_{i},(t, x^{i})=0$, (C.28)
, $J_{i}$ (t, $x^{i}$ ) . ,
. , ,
118
, , . , \partial i\sim O(r ,
. ,
, .
. , $L^{n}$ . G.
Wilson [139] .
res-lLn $=\mathrm{r}\mathrm{e}\mathrm{s}_{-1}$ (0m $L^{n}$ ) $=\mathrm{r}\mathrm{e}\mathrm{s}_{-1}[$Bm’ $L^{n}]_{\star}$ . (C.29)
-
$\mathrm{r}\mathrm{e}\mathrm{s}_{-1}$ $[f$ $x’ g\partial_{x}^{q}]_{\star}$ $=$ $(\begin{array}{ll}p p+q +1\end{array})(f\star g^{(p+q+1)}-(-1)^{p+q+1}g\star f^{(p+q+1)})$ (C.30)
$=$ $(\begin{array}{ll}p p+q +1\end{array})\{(_{k=0}^{p+q}\sum(-1)kf(k)\star g(p+q-k))’+(-1)^{p+q}[g, f^{(p+q+1)}]_{\star}\}$ :
$f^{(N)}:=\partial^{N}f/\partial x^{N}$ . 1 2 $\partial_{x}$
(-1) ( ) . , 2 2
-. (C.29) $\partial_{t}\sigma=\partial_{x}J$ , . ( $x$
.) , ,
.
. , $[20, 51]$ .
$[f(x), g(x)]_{\star}$ $=$ $-\theta^{ij}\partial_{i}$ ( $f(x)$ $\partial_{j}g(x)$). (C.31)
, “$0$” Strachan [128]
$f(x)$ $g(x):= \sum_{s=0}^{\infty}\frac{1}{(2s+1)!}(\frac{1}{2}\theta^{ij}\partial_{i}^{(x’)}\partial_{j}^{(x^{l\prime})})^{2s}f(x’)g(x’’)|_{x’=x’’=x}$. (C.32)
, . , (C.29) ,
$\partial_{t}\sigma^{i}=\theta^{ij}\partial$jJj , . , $\partial_{j}$
, ,
, .
, , , $x^{1},$ $x^{2},$ $x^{3}$
. .
, $L^{n}$ , B :
$L^{n}$ $=$ $\partial 2+\sum_{l=1}^{\infty}a_{n-l}\partial_{x}^{n-l}$
$B_{m}$ $=$ $\partial_{x}^{m}+\sum_{k=1}^{m-1}b_{m-k}\partial_{x:}^{m-k}$ (C.33)
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$a_{n-l},$ $b_{m-k}$ $n,$ $77l$ . (C.29) ,
$\partial_{m}\mathrm{r}\mathrm{e}\mathrm{s}_{-1}L^{n}=\mathrm{r}\mathrm{e}\mathrm{s}_{-1}[\partial_{x}^{m}+\sum_{k=1}^{m-1}b_{m-k}\partial_{x}^{m-k}, \partial_{x}^{n}. +\sum_{l=1}^{\infty}a_{n-l}\partial_{x}^{n-l}.]_{\star}$
$= \sum_{l=n+1}^{m+n}(\begin{array}{lll} m l- n -1\end{array})a_{n-l}^{(m+n-l+1)}.+ \sum_{k=1}^{m}\sum_{l=n+1}^{n+1+m-k}(\begin{array}{ll}m-k l-n -1\end{array})$
$\cross\{(.\sum_{N=0}^{m+n-k-l}(-1)^{N}b_{m-k}^{(N)}\star a_{n-l}^{(m+n-k-l-N)})’+(-1)^{m+n-k-l}[a_{n-l},$ $b_{m-k}^{(m+n-k-l+1)}]_{\star}\}$
$= \{\sum_{l=n+1}^{m+n}(\begin{array}{lll} m l- n -1\end{array})a_{n-l}^{(m+n-l)}+ \sum_{k=1}^{m}\sum_{l=n+1}^{m-k}n+1+(\begin{array}{ll}m-k l-n -1\end{array})-k-l \sum_{N=0}^{m+n}(-1)^{N}b_{m-k}^{(N)}\star a_{n-l}^{(m+n-k-l-N)}\}’$
- $\sum_{k=1}^{m}\sum_{l=n+1}^{n+1+m-k}(\begin{array}{ll}m-k l-n -1\end{array})(-1)^{m+n-k-l} \theta^{ij}\partial_{i}(a_{n-l}$ $\partial_{j}b_{m-k}^{(m+n-k-l+1)})$
, ( ) . ,
, . $x^{m}$ $t$ , (
) $(n=1,2, . . .)$ -
$\sigma=\mathrm{r}\mathrm{e}\mathrm{s}_{-1}L^{n}+\theta^{mi}\sum_{k=1}^{m}\sum_{l=n+1}^{n+1+m-k}(-1)^{m+n-k-l}(\begin{array}{l}m-kl-n-1\end{array})a_{n-l}\mathrm{o}\partial_{i}b_{m-k}^{(m+n-k-l+1)}$, (C.34)
$7\mathrm{a}7$–$\mathrm{B}*$ , $L^{n}$ .
. (2.14) .
–B* , (C.34) 2 ,
. . ( $\mathrm{r}\mathrm{e}\mathrm{s}_{-r}L$n [51] Appendix
A .)
$\text{ }$
$\mathrm{P}\ovalbox{\tt\small REJECT}$–H $(x, y, t)\equiv(x^{1}, x2, x^{3}),$ [t, $x$] $=i\theta$
$\mathrm{K}\mathrm{P}$ $([t, x]=i\theta)$ , $\mathrm{K}\mathrm{d}\mathrm{V}$ .
,
$\sigma$ $=$ $\mathrm{r}\mathrm{e}\mathrm{s}_{-1}$ L$n+ \theta^{mi}\sum_{k=1l}^{3}\sum_{=n+1}^{n+4-k}(-1)^{1+n-k-l}(\begin{array}{ll}3- kl-n -1\end{array})a_{n-l}o \partial_{i}b_{3-k}^{(4+n-k-l)}$
$=$ $\mathrm{r}\mathrm{e}\mathrm{s}_{-1}L^{n}+\theta(-a_{-1}\mathrm{o}b_{0}’+a_{-1}\mathrm{o}b_{1}’’-a_{-2}\mathrm{o}b_{1}’)$
$=$ $\mathrm{r}\mathrm{e}\mathrm{s}_{-1}$ L$n-3\theta$ (( $\mathrm{r}\mathrm{e}\mathrm{s}_{-1}$ L$n$ ) $\mathrm{o}u_{3}’+(\mathrm{r}\mathrm{e}\mathrm{s}_{-2}$L$n)\circ u_{2}’$ ). (C.35)




$=$ $\mathrm{r}\mathrm{e}\mathrm{s}_{-1}$ L$n+2\theta$ (res-1L$n$ ) $\mathrm{o}u_{2}’$ . (C.36)
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$l$ , (C.34) $n=Nl(N=1,2, . . .)$
. (C.29) .
\epsilon *I$=$ 1 , (2.13) $j$
$[21, 54]$ . $1_{\vee}$
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